Shell internalization has evolved convergently multiple times in numerous molluscan clades, including various gastropod families. Previous experiments on the early ontogeny of the caenogastropod Marisa cornuarietis and of a pulmonate species revealed that short-term exposure to bivalent platinum ions during embryogenesis artificially inhibited torsion and induced shell internalization, thereby causing drastic alterations of the body plan. Instead of an external shell, the embryos developed a cone-shaped internal shell. While the molecular mechanisms behind such alterations of the body plan have not yet been identified, published literature points to the involvement of TGF-β signalling in shell formation. In our study we blocked the TGF-β pathway with the inhibitor SB 431542 and examined the embryonic development for torsion, shell internalization and malformation in M. cornuarietis. Most of the individuals without outer shells, induced by SB 431542, displayed a morphologically similar phenotype to those exposed to platinum, thus providing evidence for the involvement of TGF-β signalling, not only in shell development, but also in shell positioning. Thus our work shows that changes in morphology result from inhibition of both torsion and differential outgrowth of the mantle epithelium and that unhampered TGF-β signalling is required for these processes in the early embryonic development of M. cornuarietis. Consequently, modifications of the TGF-β pathway could have been involved in the convergent evolution of internal shells in different molluscan clades.
INTRODUCTION
Molluscs often possess external calcareous shells, scales or spicules that are composed of an organic matrix and calcium carbonate, with shell form being extremely variable (Rousseau et al., 2003; Marin & Luquet, 2004; Hickman et al., 2008; Ponder & Lindberg, 2008) . However, shell reduction (e.g. through demineralization and shell internalization) has evolved convergently multiple times in a number of molluscan clades, including gastropod families (Furbish & Furbish, 1984; Ponder & Lindberg, 2008; Kröger, Vinther & Fuchs, 2011) . Despite existing uncertainties about the developmental genetics that define and organize shell formation and localization, there are several morphological changes that occur during the internalization of shells in different molluscan clades. In most cases, the interaction of shell and mantle has been shown to be modified during early developmental stages (Furbish & Furbish, 1984; Page, 2000) . To elucidate the mechanisms behind this phenomenon, successful efforts have been made to artificially induce shell internalization through deletion of micromeres in the gastropod Ilyanassa obsoleta (Cather, 1967; McCain, 1992) . More recently, a striking case of 'snail-to-slug' conversion was reported by Osterauer et al. (2010) in the giant ramshorn snail Marisa cornuarietis (Linnaeus, 1758), in which shell internalization was artificially induced by exposure of embryos to bivalent platinum ions, leading to drastic alterations of the body plan.
Several studies have shown this species to be particularly sensitive to the action of a number of toxic chemicals and, in particular, bivalent metal ions Schulte-Oehlmann et al., 2000; Schirling et al., 2006; Sawasdee & Köhler, 2009 ). Osterauer et al. (2010) exposed embryos to PtCl 2 and raised individuals in which torsion was blocked, no mantle cavity was formed and the individuals did not develop an external shell. Instead, a cone-shaped internal shell, which surrounded the ventral part of the snail's hepatopancreas, was formed during early ontogeny. The platinum-induced snails displayed characteristic oedematous bodies with haemocoel cavities and their gill was positioned posteriorly, protruding from the visceral sac into the surrounding water from the hind left to the hind right. Despite lacking torsion, the anus of the treated snails was positioned anteriorly.
The developmental aberrations discovered by Osterauer et al. (2010) were examined in detail by Marschner and colleagues (Marschner, Triebskorn & Köhler, 2012; Marschner et al., 2013) . During their experiments, a broad spectrum of shell forms was induced, including the phenotype detected by Osterauer et al. (2010) . Likewise, partially shelled individuals were found, with Featured Article forms ranging from small, cap-like shells that only covered the ventral part of the visceral sac to individuals with almost normal shells. Marschner et al. (2013) showed that torsion is the starting point from which malformation processes arise, with development proceeding unaffected at all stages before the onset of torsion. Furthermore, since Osterauer et al. (2010) were able to replicate these effects with the pulmonate snail Planorbarius corneus, the induction of artificial 'snail-to-slug' conversion by platinum was suggested as a potential model to explain shell internalization in molluscs more generally.
Torsion, as well as mantle and shell development, are processes characterized by fast cell proliferation in distinct tissues. Such proliferation of organs and tissues is often regulated and directed by growth factors (Schwank & Basler, 2010; Alberts et al., 2012) . Members of the large transforming growth factor-β (TGF-β) superfamily of pleiotropic cytokines, which are known to be involved in epithelial cell growth, differentiation and proliferation (Sporn, Roberts & Wakefield, 1986; Ottaviani et al., 1996; Chin et al., 2004) , are of particular interest in this respect. Cytokines such as TGF-βs, activins, Nodal, bone morphogenetic proteins (BMPs) and growth and differentiation factors (GDFs) are known to be involved in a wide range of biological processes associated with vertebrate and invertebrate ontogenetic development and homeostasis, in both diseased and normal states. Cytokines are expressed ubiquitously in virtually every tissue, but operate predominantly during embryonic development (Wu & Hill, 2009; Weiss & Attisano, 2013) , with TGF-β signalling being regarded as crucial for post-embryonic processes. Aberrant or deregulated TGF-β signalling has been repeatedly identified as a cause of various fibrotic diseases, tumorigenesis and cancer progression (Massagué, Blain & Lo, 2000; Roberts & Wakefield, 2003; Massagué, 2008; Wu & Hill, 2009) . It has been shown that TGF-β signalling reactivates when cancer arises and progresses, leading to invasion, metastasis and tumorigenesis. This was shown for Nodal signalling in particular (Lawrence et al., 2011; Strizzi et al., 2012; Quail et al., 2013; Grande et al., 2015) . However, TGF-β signalling is not only known for its tumour-promoting role, whereby it enhances growth, survival, motility, invasion and metastasis. In humans, it has also been shown to act as a context-and celldependent tumour suppressor, which can induce apoptosis and inhibit growth when mutations occur in its signalling components (Bierie & Moses, 2006; Weiss & Attisano, 2013) . Since members of the TGF-β superfamily are known to be involved in key embryonic regulatory processes (Wu & Hill, 2009; Grande et al., 2015; Kenny et al., 2015) , one may speculate that TGF-β signalling is possibly also involved in the platinum-exposed malformed snails that have been described above.
Insights into a possible interaction of TGF-β and platinum stem from cancer therapy research using human cells and vertebrate models. In a mouse model, the anticancer drug cisplatin, in which platinum II is the active ingredient, was shown to increase renal TGF-β 1, resulting in renal fibrosis as a side effect and, consequently, in nephrotoxicity (Amirshahrokhi & Khalili, 2015) . Both platinum-induced TGF-β induction and nephrotoxicity can be blocked by arjunolic acid (Elsherbiny, Eladl & Al-Gayyar, 2016 ). In contrast, some studies have found a decrease in platinuminduced nephrotoxicity in response to thalidomide (Amirshahrokhi & Khalili, 2015) and the blocker of TGF-β signalling, SB 431542 (Bayomi et al., 2013) . Furthermore, Stouffer et al. (1993) have shown that 2M-MA (a cisplatin-derivative that also contains Pt II ) can enhance TGF-β-induced growth responses. All these studies provide evidence that platinum and TGF-β work together, with the proviso that TGF-β action on proliferating tissues seems to be tissue-dependent. While in breast cancer cells induced TGF-β expression caused apoptosis and inhibited proliferation (Fenig et al., 2001) , in osteosarcoma cells it induced proliferation (Matsuyama et al., 2003) . The latter process could be inhibited by SB 431542 blocking the TGF-β signal transduction cascade (Matsuyama et al., 2003) . Thus, at least in mammalian models, platinum and TGF-β work in the same direction. All this, however, remains unclear for molluscs.
The role of TGF-β signalling in controlling and establishing the torsion process, shell chirality and axis formation in various snails has been investigated by Grande & Patel (2009) , Kurita & Wada (2011) and Shimeld (2014) . Consequently, we now know that TGF-β signalling may be a possible elicitor of malformation processes leading to body plans that are morphologically similar to the platinum-induced one. Thus, our aim in the present study is to determine whether impaired TGF-β signalling blocks torsion and induces shell internalization in M. cornuarietis. Our experimental approach is based on observing the embryonic development of M. cornuarietis after exposing embryos to the potent inhibitor of TGF-β signalling, SB 431542. We applied SB 431542 in two ways: (1) chronically (from oviposition to hatching) and (2) only for the first 5 days following oviposition (Osterauer et al., 2010 , showed this time period to be decisive for the determination of the positions of shell, mantle tissue and gill).
MATERIAL AND METHODS

Test animals
We focused on the gonochoristic freshwater caenogastropod Marisa cornuarietis. The experimental animals originated from our existing breeding stock at Tübingen University. Adult snails were kept in 120-l glass aquaria at 26°C, under a 12 h/12 h light/dark cycle. Water in the aquaria ranged from 800 to 1000 μS/cm in conductivity, pH 6 to 7 and 10 to 25 German degrees (°dH) in hardness. The adult snails were fed twice a day with commercial dry food flakes (TetraMin, Tetra GmbH, Germany) or algae tablets (Novo Pleco XL, JBL GmbH & Co. KG, Germany). One day before testing, the snails were fed fresh carrots to promote oviposition.
Exposure experiments
We tested the TGF-β pathway inhibitor SB 431542 (Selleckchem), which selectively inhibits the TGF-β type I receptors TGFBR1 (ALK5), ACVR1B (ALK4) and ACVR1C (ALK7); the solvent dimethyl sulphoxide (DMSO, Carl Roth GmbH+Co. KG) and filtered aquarium water as the negative control. This water served as basis for the other treatment media as well, as reconstituted pond water has been shown to hamper the development and survival of the snail embryos, probably due to the lack of essential elements or nutrients (Osterauer et al., 2009) . In total, three experiments were conducted. In one, the individuals were exposed to the respective exposure media chronically, that is from oviposition until hatching, whereas in the two other experiments, exposure was subacute and lasted for 5 days postfertilization (dpf). In all three experiments, the respective exposure media were replaced by control water from day six postfertilization onwards.
A solvent control with a low DMSO concentration (1.5 ± 0.7 ml/l) was tested in addition, as SB 431542 was prediluted in a stock solution with DMSO because of its low solubility. Kais et al. (2013) reported that in zebrafish DMSO penetrates biological membranes without destroying their structural integrity and facilitates the uptake of chemicals with a molecular weight (M) of less than 400 g/mol into the chorion. Therefore, we assumed that DMSO not only solubilizes the inhibitor (M = 384.4 g/mol), but also supports its passage through the snail's chorion. For the exposure experiments with SB 431542, we always used three concentrations: 38 μg/l ('low concentration', TGF LC), 0.38 mg/l ('medium concentration', TGF MC) and 3.8 mg/l ('high concentration', TGF HC). The concentration of DMSO in the solutions resulting from the dilution of a 10 mM stock solution of SB 431542 never exceeded the concentration of the solvent control.
To prevent adsorption of substances to the wall of the Petri dishes during experiments, the dishes were filled and thus saturated with the respective exposure medium one day before the embryos were treated. At the beginning of the experiment, the Petri dishes were filled with fresh exposure media. Since Baker et al. (2014) successfully investigated long-term responses to SB 431542 in fibrotic tissue, we assumed that the inhibitor remained stable under experimental conditions at least until 6 dpf when the developmental phase that is sensitive for mantle tissue re-direction and torsion-blocking finishes.
For all experiments, single eggs from four to six clutches were separated from the egg masses that were laid during the previous night. These were evenly and randomly distributed between the Petri dishes containing the exposure media, with which the snails and their eggs had no contact before testing. Exposure media were changed daily. Petri dishes containing the embryos were kept at 26°C in an incubator for the entire experiment and were only removed for stereomicroscopic monitoring of embryonic development. The number of morphologically transformed individuals was recorded at 9 dpf. Hatched snails were exposed to control water and fed every 3 days with TetraMin dry food flakes (TetraMin, Tetra GmbH, Germany) in order to follow their postembryonic development. Following commonly accepted criteria of validity (OECD, 1992 (OECD, , 2004 , a test was accepted as being valid when mortality in the negative control was ≤10% until 7 dpf. In the rare cases with >10% mortality in the control, all treatments plus the respective controls were considered artefactual and the data were excluded from analyses. An embryo was defined as dead when it was coagulated or when no heartbeat was detectable.
In the chronic exposure experiment, three replicate groups (Petri dishes) with eight individuals in each group were used, whereas in both subacute tests every treatment consisted of eight replicate groups with eight individuals in every group.
Statistical analyses
All statistical analyses were performed with JMP © v. 13.0.0 (SAS Institute). The frequency of individual morphological transformations was calculated as a proportion of the total number of living individuals. Differences in the frequencies of morphological transformations were tested for significance with an effect-likelihood ratio χ 2 test. The correction for multiple testing was made with sequential Bonferroni correction. Levels of significance are given in the text and the figure captions.
RESULTS
The formation of the 'normal' mantle and shell, as observed in our study, is shown in Figure 1 ; for a detailed account of the regular embryonic development of Marisa cornuarietis see Demian & Yousif (1973a,b,c,d) . The rudimentary shell gland is the precursor of both the mantle and the shell gland. This thickens, enlarges and invaginates to form a cup-shaped hollow, which shifts to the left and subsequently secretes a fragile cuticular larval shell. After spreading in a circle over the visceral-sac rudiment, the shell gland extends beyond it, finally forming the outer epithelium of the visceral sac and mantle. At the periphery, the epithelium thickens and forms the adult shell gland. This is partially covered by a fold which is the mantle edge, the cells of which form the outer shell layer, the periostracum. The mantle opening, which initially faces to the right, shifts to face forwards during the torsion process; subsequently, it grows in a cranial direction towards its definitive position behind the head (Demian & Yousif, 1973d) .
When the TGF-β signalling pathway was inhibited by SB 431542, we found that regular development was disrupted. Individuals with an internal shell were strikingly similar in morphology to those described by Osterauer et al. (2010) and by Marschner et al. (2013) after exposure to platinum and we refer to them henceforth as ˈPt-likeˈ. Besides these Pt-like individuals, additional shell-less forms were observed ( Fig. 2A-C, Supplementary Material Fig. S1A, B) . Individuals with incompletely developed shells were also found and categorized as ˈpartly shelledˈ. These had shells that covered a considerable part of the visceral sac, but were indented just behind the osphradium. In some individuals, this indent caused the gill to protrude into the surrounding water, whereas in others the gill seemed not to have been developed or only rudiments of it were detectable. In addition, we occasionally observed individuals with distinctive elongated bodies, which were categorized as ˈslimˈ (Fig. 2E, F, Supplementary  Material Fig. S1E, F ). Among these, two phenotypes were detected: one lacking a mantle and a mantle cavity, with the gill protruding into the surrounding water, and the other with a mantle that was not covered by a shell. The gill seemed to be absent in some of the individuals of the latter phenotype. Another shell-less type occurred more often: the ˈbubble form', a category comprising various phenotypes (Fig. 2D , Supplementary Material Figure S1G , H). Bubble forms were extremely small and resembled M. cornuarietis snails in the very first developmental stages (Fig. 1) . The most frequently observed bubble form appeared as just a cluster of cells without further structure; rarely small evaginations were visible. This bubble form was identified as alive because of its motility. Individuals of this kind rotated around their body axes like M. cornuarietis embryos in their first stages. Others looked like snails in a more advanced developmental stage, but without a shell, tentacles or eyes. These bubble-form individuals rarely hatched and died early.
The varied forms of body transformations that were induced in the exposure groups are shown in Figure 3A . The overall abundance of malformations, independent of their type, showed a concentration-effect relationship. However, the prevalence of the different shell forms differed considerably between the experiments. Pt-like and partly shelled individuals made up the largest proportion of living individuals transformed by the inhibitor, whereas bubbleform and slim individuals did not occur very frequently. The exposure significantly accounted for the frequency of the induced type of transformation (likelihood ratio χ 2 test: χ 2 = 53.081, df = 16, P < 0.0001, n = 415). The 3% malformations observed in the negative control was less than the 10% threshold value for determining whether a substance induces body plan modifications or not. As with the negative control, the DMSO treatment resulted in a low number of malformed individuals, with a maximum of 11%-but this percentage did not differ significantly from the negative control (P = 0.101; Fig. 3A) . Applying the 10% threshold criterion, the lowest concentration of the TGF-β inhibitor SB 431542 (TGF LC) did not elevate the frequency of spontaneous malformations and did not differ significantly from the negative control (7%, P = 0.3457; Fig. 3A) . However, TGF MC and TGF HC did transform the development of snails to a significant extent (P TGF MC = 0.0006, P TGF HC < 0.0001; Fig. 3A ). Both groups showed not only much higher proportions of transformed individuals in relation to the other exposure groups (15% and 29% for TGF MC and TGF HC, respectively), but also much higher proportions of partly-shelled and Pt-like individuals (Fig. 3A) . The bubble form appeared at a similar level in almost every treatment.
DISCUSSION
Prior to this study it was only platinum chloride that was known to induce snails lacking torsion and an external shell, but having an internal shell (Osterauer et al., 2010; Marschner et al., 2013 (2011) have shown TGF-β signalling to play a role in shell and axis formation as well as in the proliferation of the mantle epithelium. Since biochemical processes that lead to molluscan body plans without an external shell have remained unknown, our study was designed to determine whether the inhibition of the TGF-β pathway can cause shell internalization and blocking of the torsion process.
Besides internally-shelled and partly shelled individuals, we discovered other phenotypes in which developmental disruption had occurred (Fig. 3B) . The bubble-form individuals are morphologically similar to snails in the initial developmental stages (up to 90 hpf) and this suggests that their development was arrested at an early stage in ontogeny (Figs 2D, 3B, Supplementary Material Fig. S1G, H) . Due to the severity of the malformation, these snails rarely hatched and died prematurely. However, bubble forms occurred in almost equal frequencies (c. 5%) in all treatments, including the negative control (Fig. 3A) , suggesting that they developed spontaneously, rather than being specifically induced by SB 431542 or DMSO. Since the early developmental stages are particularly susceptible to disruption, the occasional spontaneous occurrence of bubble forms is plausible.
Interestingly, of the two slim-form phenotypes (with or without a mantle), the morphology of the phenotype with a mantle (Fig. 2E, F, Supplementary Material Fig. S1E, F) resembles the malformed snails with a symmetrical mantle epithelium that were induced by exposure to the inhibitor SB 431542 in the study of Grande & Patel (2009) . However, in our study these slim forms occurred only at low frequency in the lowest inhibitor concentration (TGF LC) as well as in different test media in preliminary experiments (results not shown). This suggests that the slim form was not specifically induced by the inhibitor or by other substances, but developed spontaneously. The development of slimform snails seems to be disrupted in such a severe way that it is not yet possible to identify the corresponding developmental stage (Fig. 3B) .
The process of torsion is crucial for the anatomical configuration of M. cornuarietis and most other gastropods. Torsion is characterized by a horizontal 180°rotation of the visceropallium (the complex of mantle and visceral sac). This rotation occurs relative to the head-foot axis, leading to the characteristic traits of the gastropod body plan (Page, 2003 (Page, , 2006 . In the platinum-exposure experiments of Osterauer et al. (2010) and Marschner et al. (2012 Marschner et al. ( , 2013 , Pt-like transformed snails developed normally until torsion started, at which point malformation processes began. During ˈnormalˈ development, mantle evagination and overgrowing of the visceral sac is usually achieved by the rapid proliferation of the shell gland and the mantle edge. In response to Pt 2+ , however, it was shown that the differential growth of these tissues failed to appear, so that the shell gland remained ventrally at the posterior end of the embryo. Because the mantle tissue proliferated, but the inelastic complex of shell gland and mantle edge did not, invagination of the mantle occurred-the growing mantle tissue was forced to fold inwards and to secrete an internal shell instead of an external one (Marschner et al., 2013) . Concomitant with the cessation of the rightward outgrowth of these tissues, torsion was blocked (Osterauer et al., 2010; Marschner et al., 2012) . A morphologically similar phenotype could be reproduced by inhibiting the TGF-β pathway ( Fig. 2A, B, Supplementary Material Fig. S1A , B) -this was striking even though we did not follow the ontogenetic growth of internal tissues by histological investigations. A more detailed examination of the torsion process may provide further evidence for the involvement of TGF-β signalling in the described malformation processes that lead to internal shells.
In the past, torsion has been explained by an asymmetrical contraction of the retractor muscles that connect the snail's foot with the larval shell (Wanninger, Ruthensteiner & Haszprunar, 2000) . However, considerable doubt has been cast on this theory, because experimental work has proved that torsion takes place even when the attachment of the muscle to the shell is prevented (Hickman & Hadfield, 2001 ). Kurita & Wada (2011) exposed the early trochophore larvae of the limpet Nipponacmea fuscoviridis to SB 431542 and found that torsion was prevented; this involved the blocking of the asymmetrical activation of mantle proliferation, which would otherwise have led to the shell and visceral mass rotating to the opposing side relative to the snail's velum and foot. Therefore, the studies of Kurita & Wada (2011) and our own experiments show this cell proliferation to be guided by TGF-β signalling, thus causing torsion. As a result of this, shell chirality and axis formation are affected as well (Grande & Patel, 2009; Kurita & Wada, 2011; Namigai et al., 2014) . Grande & Patel (2009) were able to isolate the TGF-β signalling molecule Nodal and Pitx, one of its target genes, in Lottia gigantea and Biomphalaria glabrata. They showed that the side of the embryo in which gene expression occurred is related to the body chirality of the snails. Inhibiting the Nodal pathway with SB 431542 resulted in embryos with aberrant phenotypes. When the embryos were exposed to the inhibitor until the 16-cell stage, a substantial proportion of individuals did not complete gastrulation and could consequently not form shells. Those individuals that completed gastrulation did, however, develop noncoiled shells and suffered a loss of body chirality. These results indicate the involvement of the Nodal pathway in left-right asymmetry, shell coiling and shell formation in gastropods. Furthermore, Namigai et al. (2014) and Kuroda et al. (2009) have shown that in bilaterians the TGF-β ligands, their downstream pathway components and the mechanisms leading to leftright asymmetry are highly conserved during evolution. The members of the Nodal/Activin and BMP subfamilies were shown to play important roles in axis formation and subsequent patterning of tissues during the early embryogenesis of deuterostome and lophotrochozoan organisms. Nodal and its downstream target gene family Pitx regulate the left-right asymmetry by acting as morphogens, forming concentration gradients and inducing downstream transcriptional responses. In this way, they provide positional information to the cells in various gastropods (Kuroda et al., 2009; Wu & Hill, 2009; Namigai et al., 2014) .
While several studies have revealed the importance of TGF-β signalling for the differential growth of the visceropallium and the formation of the shell, our study is the first to provide evidence for an effect of internal shell formation that accompanies the cessation of torsion resulting from blocking of the TGF-β signal transduction pathway. Following exposure to the TGF-β pathway inhibitor SB 431542, the differential growth of the mantle epithelium changed in such a way that it invaginated and protruded into the snail's body, forming an inner shell instead of growing over the visceral sac and forming an external shell. The growth of the mantle epithelium per se was, therefore, not inhibited. Instead, the growth of the edge of the shell field and the asymmetric left-right cell proliferation of the trunk epithelium were inhibited. This was evident for internally-shelled individuals but also, in a less distinct manner, for partly shelled snails; both these morphological forms are just modifications in a continuum of gradual variation in the early development of these snails (Marschner et al. 2013) .
Partly shelled phenotypes were induced when differential outgrowth of the mantle epithelium was, after initial blocking, resumed due to new growth impulses (Marschner et al., 2013) . In addition, we showed that partial shells can be indented when individuals were raised in medium containing the TGF-β pathway inhibitor. Marschner et al. (2013) described the external and internal shell formation in M. cornuarietis as gradual developmental variations within a continuum, in which the variations are defined by the gradual differential growth of the shell gland and mantle edge (Fig. 3B ). This differential growth seems to be determined or at least affected by the action of the TGF-β pathway. The modulation of this pathway causes the varying types of observed malformations. The mechanism is known to involve protein gradients, which at least in some cases may explain the varying shell forms (Kuroda et al.,. 2009; Wu & Hill, 2009; Marschner et al., 2013) . Shimizu et al. (2013) , for instance, found that asymmetrical gradients of the TGF-β protein Dpp (Decapentaplegic), caused by asymmetric expression of the dpp gene in the shell gland, to be involved in shell coiling in Lymnaea stagnalis.
The TGF-β superfamily members signal through a receptor complex that consists of a type II and a type I receptor (Fig. 4) . Both are transmembrane receptors and serine/threonine kinases. While receptor type II kinases are constitutively active, type I receptors require the formation of a ligand/receptor complex for activation. The TGF-β type I receptor ALK5 (TGFBR1), the activin type I receptor ALK4 (ACVR1B) and the Nodal type I receptor ALK7 (ACVR1C) were inhibited by SB 431542. Consequently, the phosphorylation of SMAD2 and SMAD3-and thus binding of SMAD4, translocation into the nucleus and, ultimately, transcriptional regulation and gene expression-could not take place in SB 431542-treated snails, as found in a number of studies (Inman et al., 2002; Laping et al., 2002; Mummery & Van Den Eijnden-van Raaij, 2004; Wu & Hill, 2009) . It is likely that the Nodal pathway has been affected in the experimental work carried out to date. The inhibition of this pathway by SB 431542 in other gastropods has been linked to developmental aberrations that are similar to those seen in our experiments, such as shell modifications or blocked torsion (Grande & Patel, 2009; Kuroda et al., 2009; Kurita & Wada, 2011; Namigai et al., 2014) . The presence of Nodal has not yet been shown in M. cornuarietis, so we cannot confirm or discount this association. Moreover, we are uncertain as to the possible downstream target genes of the inhibited pathway, because the available data indicate that these differ between taxa .
Our study did not show that the TGF-β inhibitor SB 431542 produced a single specific type of malformation. The TGF-β pathway is multifunctional, it operates through a complex regulatory network, and hence can be influenced in many ways. Therefore, it cannot be ruled out that unknown factors played a role in the malformation processes, leading for instance to the different forms of morphological transformation that were observed. One potential factor in this context might be calcium, which was one component of the exposure media. Bivalent calcium anions have been shown to have an influence on artificially induced shell internalization (Osterauer et al., 2010) and they can also interact with the TGF-β pathway. Mahmood et al. (2010) , for instance, observed altered regulation of genes that are related to calcium signalling pathways as a result of SB 431542 treatment, whereas others revealed TGF-β to induce cell shape changes and to activate specific pathways depending on extracellular calcium (Ottaviani, Sassi & Kletsas, 1997; Franchini & Ottaviani, 2000; Ottaviani, Franchini & Kletsas, 2001) . The specific modes of interaction, however, are not yet known. Thus, it remains unclear whether calcium or other factors influenced the processes that led to transformed snails in our experiments or whether they influenced the action of the inhibitor. Moreover, the TGF-β pathway may not be the only pathway involved in the differential growth of the mantle tissue and in shell formation. Other unknown pathways or factors may also be required. Previous studies have suggested that molluscan insulin-related peptides (MIP) participate in the control of body and shell growth in molluscs, because they were found to stimulate protein synthesis in mantle-edge cells, thus regulating growth and regeneration of the shell (Geraerts, 1992; Giard et al., 1998; Abdraba & Saleuddin, 2000; Gricourt et al., 2003) . However, these peptides seem to be involved in shell growth rather than in shell positioning and have yet to be investigated in M. cornuarietis.
In summary, our study shows that unhampered TGF-β signalling is required for correct shell formation and that blocking leads, in extreme cases, to shell internalization and, in turn, to a phenotype that is similar in morphology (but not necessarily in developmental genetics) to the plantinum-induced phenotype. Furthermore, we showed that TGF-β signalling drives the torsion process in M. cornuarietis. Although a similar result was reported by Kurita & Wada (2011) for Nipponacmea fuscoviridis, the proliferation of the mantle tissue is not inhibited in the same way in the two species. However, it remains to be determined whether a nodal homologue is responsible for shell formation in M. cornuarietis, as was shown for left-right asymmetry and the torsion process in other gastropods (Grande & Patel, 2009; Kurita & Wada, 2011) , or whether the modifications occur to other proteins further downstream in the inhibited pathway. As depicted in Figure 4 , a rather uniform way of signal transduction for a number of cytokines, including TGF-β proteins, results in the regulation of a variety of basic developmental processes, at least in vertebrates. It is obvious that disruption of TGF-β signalling must result in a number of developmental consequences that are reflected in the morphology of the affected individuals, but are independent of whether such disruption was caused by chemical action (e.g. SB 431542) or by mutations. Mutations that affect signal transduction pathways like the TGF-β system may be a good example of macromutation-based saltations, which involve rapid evolutionary change in morphology in 'a single switch', without evolutionary change in numerous, small incremental steps. For example, point mutations that affect serine, a single amino acid, at the phosphorylated sites of the type I receptor or the R-SMADs will have significant consequences for TGF-β signalling, and thus for the body plan, that are presumably similar to those induced by SB 431542 in this study. Such point mutations may occur independently in different taxonomic clades and thus may lead to morphologically similar re-arrangements in the body plan of distantly related species-a possible basis for homoplasy. Furthermore, one may speculate that a reversion of such a mutation in a line of ancestors may cause sudden morphological reversals, reconstituting the 'original' body plan and homology. While it cannot be ruled out that modifications in the TGF-β pathway underlie the independent evolution of internal shells in different molluscan clades, data are scarce. The TGF-β signal transduction pathway should be investigated in molluscs that have evolved an endoskeleton (e.g. coleoid cephalopods), in order to elucidate the molecular aspects of internal shell formation in different clades, as well as to investigate whether independent modifications of TGF-β signalling constitute the molecular basis for an independent evolution of internal shells in this animal phylum. Figure 4 . Signal transduction pathway of TGF-β and related cytokines in vertebrates. The cytokines consist of bone morphogenetic proteins (BMPs), activins and Nodal. Cytokines bind to a dimer of outer membrane-bound type II receptors, which recruits a type I receptor dimer. This in turn forms a heterotetrameric complex. The receptors have serine/threonine kinase properties. Upon cytokine (Ck) binding, the type II receptor phosphorylates serine residues of the type I receptor, which activates this protein. The signal is transduced by a number of receptor regulated SMADs (R-SMADs). In this case, TGF-β proteins, activins and Nodal transduce their signal by SMAD2 and SMAD3. BMPs use SMAD1, SMAD5 and SMAD9 instead. The R-SMADs are activated by phosphorylation of their serine residue through the type I receptor after their binding to the L45 region of the type I receptor by a zinc double finger protein, which is the SMAD anchor for receptor activation (SARA). After release in their phosphorylated form, R-SMADs have a high affinity for a coSMAD (e.g. SMAD4) and form a complex with this protein. Upon transfer into the nucleus, the R-SMAD/CoSMAD complex interacts with transcription promotors and elicits differential gene transcription associated with a wide variety of developmental processes. In our experiments, we disrupted signal transduction by blocking type I receptor action via SB 431542.
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Efforts to sequence the genome of M. cornuarietis and other gastropods are required, so that genomic and transcriptomic work on the potential factors that interact with the TGF-β pathway can be carried out.
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